Haemophilus influenzae is an important pathogen in the human respiratory tract and a frequent cause of severe diseases of childhood, including septicemia and meningitis. The molecular basis for the pathogenesis of these invasive diseases, which most frequently are caused by H. influenzae type b (Hib), has revealed that the capsular polysaccharide of this organism is an important virulence factor (29, 47) . Another important virulence determinant is the lipopolysaccharide (LPS) of the Hib outer membrane since alterations in LPS expression have been shown to reduce the virulence potential of this bacterium (20, 21, 50) . No protein has been shown to be essential for the virulence of Hib, but at least a 28-kDa lipoprotein has been suggested to aid transepithelial invasion (8) .
Nontypeable H. influenzae (NTHi) is a frequent colonizer of the upper respiratory tract and a leading cause of human otitis media and respiratory infections, including pneumonia and sinusitis (31, 34, 44) . The pathogenesis of NTHi disease is believed to begin with colonization of the nasopharynx. Subsequently, there is a contiguous spread within the respiratory tract to the middle ear, the sinuses, the conjunctiva, or the lungs. H. influenzae expresses adhesive pili that are likely to be involved in colonization of the host (3, 19, 45) . However, nonpiliated NTHi organisms are also capable of adhering to eukaryotic cells via high-molecular-weight nonpilus adhesins (41) . Colonization of mucosal membranes by H. influenzae may also involve interaction with the local mucosal immune system. H. influenzae is one of a group of pathogenic microorganisms that produce an extracellular immunoglobulin Al (IgAl) protease that specifically cleaves the heavy chain of human IgAl (35) . Another interesting immunological interaction is the IgD binding properties of H. influenzae and Moraxella (Branhamella) catarrhalis (13) . A 42-kDa lipoprotein, named protein D, which is exposed on the surfaces of all H. influenzae strains, was first identified as the protein responsible for this interaction (2, 16, 36) . However, it was later discovered that protein D did not bind to the majority of IgD myelomas tested and that Hib strains express an additional IgD-binding factor or cofactor that is lacking in NTHi (37) . Despite this finding, protein D is still an interesting molecule since it is highly conserved among all H. influenzae strains (2, 18) , a feature which is relatively rarely found among NTHi outer membrane proteins (4, 32, 33) . A possible explanation for this conservation might be that protein D has an important enzyme activity to fulfill, since it was recently shown that protein D is 67% identical to the periplasmic glycerophosphodiester phosphodiesterase of Escherichia coli (30) . Extracts of E. coli expressing recombinant protein D had increased specific activity of glycerophosphodiester phosphodiesterase compared with that of extracts of E. coli not expressing protein D (30) .
We sought to investigate whether protein D is involved in the pathogenesis of NTHi. An isogenic mutant lacking the ability to express protein D was constructed. The mutant was compared with the wild-type strain for its ability to cause infection in the middle ears of rats in an otitis model originally developed for pneumococcal otitis (15) . This rat model was recently modified for studies of otitis media caused by H. influenzae (27) .
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. E. coli JM83 (49) was used as a recipient for plasmids pUC4K (Pharmacia Biotech, Sollentuna, Sweden) and pHIC348 (17) and derivatives thereof. H. influenzae 772, a nontypeable clinical isolate of biotype II, has been described previously (16) (17) (18) 36 (18) .
Triton X-114 extraction of bacteria. H. influenzae 772 and a selected protein D-negative mutant designated 772Ahpdl, grown to mid-logarithmic phase, were extracted with Triton X-114 as previously described (16, 42) . Triton X-114-insoluble residue was suspended in 20 mM Tris-HCl (pH 8.0)-10 mM EDTA-1% sodium dodecyl sulfate (SDS) and boiled for 5 min.
Proteins were precipitated from lysates or Triton X-114 extracts by the addition of 10 volumes of acetone at -20°C.
LPS preparation and analysis. LPS was purified from H. influenzae strains grown overnight on chocolate agar plates by a small-scale modification (12) of the hot phenol-water extraction method (48) .
A whole-cell enzyme-linked immunosorbent assay (ELISA) was used for the determination of immunological properties of LPS from H. influenzae 772 and the protein D-deficient mutant. Bacteria grown overnight were harvested from chocolate agar plates and suspended in PBS, pH 7.2, at an optical density at 600 nm of 0.2. Flat-bottom microtiter plates (Nunc)
were coated with 0.1 ml of this suspension per well at 4°C overnight. Residual protein binding sites were blocked for 2 h at room temperature with 0.1 ml of 1.5% ovalbumin in PBS per well. Plates were washed four times with PBS containing 0.05% Tween 20 before 0.1 ml of MAb culture supernatant, diluted 1:10 (vol/vol) in PBS containing 1.5% ovalbumin, was added.
Plates were incubated for 2 h at room temperature and washed as described above. Wells were incubated with 0.1 ml of horseradish peroxidase-conjugated rabbit anti-mouse immunoglobulins (Dako a/s, Glostrup, Denmark), diluted 1:1,000 (vol/vol) in PBS-1.5% ovalbumin, for 2 h at room temperature.
After a final wash, 0.1 ml of chromogenic substrate (tetramethylbenzidine) was added to each well. Absorbance at 450 nm was read after 30 10 .6% modified Laemmli gels and the subsequent transfer of proteins to Immobilon polyvinylidene difluoride membranes (Millipore, Bedford, Mass.) were performed as described previously (16) . LPS analysis was performed with SDS-10% polyacrylamide gels by using the Tricine buffer system (38) .
Direct binding of radiolabelled IgD to intact bacteria. The binding of 1251I-labelled human IgD myeloma 4490 to intact bacteria was performed as described earlier (2) . Enzyme assay. Sonic extracts of H. influenzae grown to mid-logarithmic phase in 35 ml of sBHI broth were prepared as described previously (30) except that cells were not frozen prior to sonication. The glycerophosphodiester phosphodiesterase activities of sonicate supernatants were determined by a coupled spectrophotometric assay using sn-glycerol-3-phosphate dehydrogenase and NAD with glycerophosphocholine as the substrate (7, 22, 23 (Fig. 3A) . To confirm that the differences in sizes for strain 772Ahpdl were due to the insertion of the kanamycin cassette (Fig. 3B) . The (17) .
The growth characteristics of the NTHi mutant lacking protein D were compared with those of the wild-type parent strain, 772. The experiment was repeated three times. No significant difference in cell density or generation time was found between the two strains (Fig. 4) .
Characterization of the LPS of the mutant strain in this study involved both antigenic and physicochemical analyses of LPS molecules. The protein D-negative mutant and the parental strain showed identical binding patterns to the six MAbs recognizing different epitopes in the oligosaccharide portion of H. influenzae LPS in a whole-cell ELISA. SDS-PAGE analysis and silver staining of purified LPS were used to study LPS expression from these two strains. No difference in the amount of LPS expressed or in electrophoretic mobility was found between LPS from these NTHi strains (Fig. 5) . Virulence in an experimental rat otitis model. To investigate the role of protein D in the pathogenesis of the upper respiratory tract, we used an otitis media model that was originally designed for experimental pneumococcal otitis media (15) . This model was recently used for studying the course of experimental otitis media caused by H. influenzae (27) . H. influenzae 772 and 772Ahpdl, grown to mid-logarithmic phase, were used to inoculate the middle ears of the animals. Equal numbers of animals were inoculated with each strain at each of the three operation occasions. The animals were examined for signs of infection by otomicroscopy on days 4 and 8 after the operation. The diagnosis of acute otitis media required direct visualization of opaque fluid behind the tympanic membrane, and a clear effusion was diagnosed as a reaction. Figure 6 reports the diagnoses of animals that were injected with various amounts of H. influenzae 772 or H. influenzae 772Ahpdl. The minimal concentration of NTHi 772 required to cause otitis media among all operated rats was 107 CFU/ml (Fig. 6A) , whereas a 100-times-higher concentration of the protein D-deficient isogenic mutant 772Ahpdl was required to cause otitis media among eight of nine animals challenged (Fig. 6B) . Heat-killed bacteria, given in high doses, did not induce otitis to the same degree as viable bacteria (Fig. 6 ).
DISCUSSION
NTHi has become well established as an important human pathogen in the past several years. Clear distinctions between NTHi strains and encapsulated strains of serotype b concerning patient populations, types of infections caused, differences in surface antigens presented to the host, and genetical differences have been established (31) . The activities characteristic of endotoxins (11) (Fig. 6) . The bacteria used for the inoculation of the middle ears of rats were passaged through mice and obtained from the animals' blood prior to injection into rats since it was observed in another study that prolonged passage in vitro made bacteria less virulent (26) . The LPS expression of Hib can vary, depending upon the site in the body from which bacteria are isolated and/or culture conditions (20) . The expression of pili also varies in a similar manner. Hib strains isolated from mucosal sites are often piliated, whereas bacteria from systemic sites do not express pili (25) . We were unable to detect any variation in electrophoretic mobility or antigenicity of LPS between animalpassaged and non-animal-passaged strains, and we used bacteria isolated from the blood of mice in our studies. It is, therefore, less likely that the alteration in virulence observed in our experiment was due to changes in the phenotypic expression of LPS or differences in the degree of piliation. (1) which is homologous to the glycerol diffusion facilitator protein (GlpF) of E. coli (46) . The downstream open reading frame is preceded by a putative promoter; therefore, it probably belongs to some operon other than hpd.
It was recently discovered that protein D is homologous to the periplasmic glycerophosphodiester phosphodiesterase (GlpQ) of E. coli (30, 43) . The lack of an enzyme involved in the metabolism of an important carbon source might lead to impaired growth of a mutant lacking this enzyme. Our protein D-negative mutant of H. influenzae 772 grew as well as the wild-type strain in a complex broth medium. However, the enzyme might be more essential to the organism under the growth conditions of the host; consequently, it cannot be excluded that the observed difference in virulence is a result of growth differences in vivo. E. coli possesses two enzymes with glycerophosphodiester phosphodiesterase activity, cytoplasmic UgpQ (6) and periplasmic GlpQ (22) . We were unable to detect any glycerophosphodiester phosphodiesterase activity in sonicate extracts of NTHi 772Ahpdl. This result does not, however, show that only one enzyme with this activity is present in H. influenzae 772, since no UgpQ activity has been detected in cellular extracts of E. coli glpQ mutants (6) . It seems that UgpQ can only hydrolyze diesters that are transported by the ugp-encoded transport system of E. coli (6) 
